Subclinical intoxication of livestock with Astragalus and Oxytropis species (locoweeds) results in decreased animal feed conversion, reduced weight gains, and reproductive failure. Sensitive diagnostic methods to definitively diagnose and monitor intoxication are needed to minimize these losses and better manage activity, serum biochemical values, electrolytes, and thyroid hormone concentrations. As the cows began to in other serum chemistry values were less specific; however, individual animals (generally those ingesting more locoweed) had elevated levels of alkaline phosphatase (ALP), aspartate aminotransferase, and lactate dehydrogenase, with decreased serum total protein (5.8 ± 0.8 g/dl) and albumin (2.3 ± 0.3 g/dl). Mean serum thyroid concentrations (both T4 and T3) were lower in animals that were ingesting locoweed. The calculated swainsonine and thyroid hormone concentrations is a sensitive indicator of locoweed exposure and intoxication. These parameters may also be useful for monitoring intoxication and allowing subclinically affected cattle to be removed from infested areas before irreversible damage occurs.
The locoweeds, certain species of Astragalus and Oxytropis, are reported to be the most destructive and costly poisonous plants to livestock production. 10, 15 Some Astragalus locoweeds are short-lived perennials that flourish periodically under appropriate environmental conditions. When these locoweed populations expand, poisoning causes large losses, killing hundreds of animals and permanently disabling many more. The Oxytropis locoweeds generally have populations that are more stable, resulting in smaller, consistent losses. 10 Although no well-substantiated estimates exist, the total yearly losses due to locoweed poisoning in the United States are large. For example, in Union County, New Mexico, alone, losses were calculated to be in excess of $2 million (Graham et al.: 1991, Union County New Mexico Extension). This figure was derived primarily from the numbers of animals that die or that are severely debilitated or emaciated. Much larger expenses are probably incurred from subclinical intoxications through decreased animal feed conversion, reduced weight gains, reproductive failure, and increased susceptibility to secondary pathogens.
The toxic principle of locoweed has been identified as swainsonine, an indolizidine alkaloid. 18 Swainsoidase II, resulting in altered oligosaccharide degradation and incomplete glycoprotein processing. 5, 8 If intoxication is chronic, incompletely processed oligosaccharides accumulate in lysosomes, producing lesions similar to those of heritable mannosidosis, a lysosomal storage disease. 3, 4, 21 Clinical intoxication is usually chronic, because animals must graze the plant for several weeks before signs develop. Such intoxications are characterized by depression, proprioceptive deficits, nervousness, rough and dull coat appearance, emaciation, abortion, birth defects, hydrops amnii, and cardiovascular disease 7, 9, 27, 28 Most severe intoxications result in pathog-. nomonic neural and visceral vacuolation. However, subclinical intoxication is more subtle, with minimal clinical or morphologic alterations. When exposures to locoweed are brief, many of the visceral and some of the neuronal alterations are reversible. Nevertheless, some neuronal lesions are irreversible and result in permanent deficits. 11 Sensitive indicators are needed to allow veterinarians to monitor the degree of intoxication and develop a prognosis and allow producers to remove intoxicated livestock before irreversible From the Poisonous Plant Research Laboratory, USDA/ARS, 1150 damage occurs but still to allow the use of rangelands E. 1400 N., Logan, UT 84321. with current or potential locoweed infestations.
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The purpose of this study was to develop sensitive 473 clinical indicators of poisoning and to better document the clinical and pathologic changes of locoweed intoxication.
Material and methods
Animals, sample collection and processing. Detailed descriptions of animals, diets, and plant sampling have been previously reported. 24 Eight mixed-breed beef cows were pastured on a woolly locoweed (Astragalus mollissimus var. mollissimus)-infested 50-ha field near Gladstone, New Mexico, from March 28 to June 23. The locoweed was periodically sampled, and swainsonine was measured by capillary gas chromatography and expressed as a percentage of dry matter. 19 The estimated dose to each animal was calculated using an estimate of feed consumption, 20 the percentage of locoweed in the diet, and the swainsonine concentration. Serum was collected from all animals 3 times: before the animals began to ingest locoweed (day 0), when they were ingesting large amounts of locoweed (day 35), and later in the season when they had ceased grazing locoweed and were grazing the warm-season grasses (day 82). Serum was frozen at -90 C until analysis. determined using modifications of previously described techniques. tion of 4-methylumbelliferone (MU) when incubated with ranoside (MU-MP). Monitoring was done by incubating 40 ,µl serum, 10 µl 10 mM MU-MP, and 50 µl 0.25 M sodium acetate (pH 4.0) at 37 C for 45 min. After incubation, the reaction was stopped by placing the samples on ice and adding 200 µl of 2.5 M glycine (adjusted to pH 10.3 with potassium hydroxide). The MU produced was detected photometrically (365 nm) using a diode-array spectrophotometer. a control cows and for the study animals before they began to ingest locoweed. As a control, swainsonine inhibition of the of swainsonine to the reaction mixture.
Serum biochemistry, hormone analysis, and histopathol-
ogy. Complete ruminant serum chemical analyses were performed using an automated serum chemistry analyzer. b-d Urine was collected from several animals and analyzed chemically e and by high-resolution protein electrophoresis. f Thyroid hormone concentrations were measured using double-antibody thyroid hormone kits. g Tissues from 1 of the cows that died from an unrelated cause while she was consuming locoweed were fixed in formalin, embedded in paraffin, and processed for histologic evaluation.
Statistical analysis. Correlations were calculated between
the serum chemical values using a Pearson correlation. The values of these parameters were also compared between time periods by analysis of variance using the general linear model procedures. Where differences occurred, the means were separated using Duncan's multiple range test (P ≤ 0.05). 25 
Results
The cattle began eating green woolly locoweed early in the season, before other forages began growth. Later in the season, as the warm-season grasses began to grow and became abundant, preferences changed and cattle consumed less locoweed (Table 1) . Swainsonine mean concentrations in the locoweed (percentage of dry weight) were 0.09% on day 0, 0.23% on day 35, and 0.17% on day 82. Thus, mean estimated doses (Table  1) for the animals were significantly different on days 0, 35, and 82.
because it was inhibited in a dose-responsive fashion when swainsonine was added to the reaction mixture ( Fig. 1) .
At the beginning of the study (day 0), the mean serum µM; however, when the animals were eating locoweed (day 35), the mean dropped to 73 µM. The mean serum animals consumed less locoweed, which also had a lower swainsonine content. As a result, there was a nosidase activity with the estimated swainsonine dose (Table 1) . Alterations in the serum chemical values were less pronounced. Although some difference occurred between study days, many values were within ranges considered normal for cattle (Table 1) . Consistent changes included significant decreases in mean albumin concentrations (from 3.0 mg/dl on day 0 to 2.3 mg/dl and 2.5 mg/dl on days 35 and 82). Mean total protein levels also decreased slightly on day 35; however, on day 82 the mean total protein increased to 6.7 mg/dl, largely because of increases in the globulin fraction.
As the cattle became intoxicated, there were significant increases in serum aspartate aminotransferase (AST) and lactate dehydrogenase (LDH) from 143 and 646 U/liter, respectively, on day 1 to 234 and 812 U/liter on day 35. Although animals ate less locoweed, resulting in a lower estimated dose on day 82, the AST continued to rise to a mean value of 290 U/liter. There were no significant differences in alanine aminotransferase (ALT), Sorbitol dehydrogenase (SDH), alkaline phosphatase (ALP), gamma glutamyltransferase (GGT), and creatine phosphokinase (CPK) at any of the sampling times. However, the estimated dose and serum ALP activities were positively correlated (Table 1) . No differences were seen in bilirubin.
No significant changes were seen in most of the electrolytes, in anion gap, or in osmolality. However, the Table 1 . Comparison of means (±SD) of locoweed ingestion, calculated dose, serum -mannosidase, serum chemistries, and thyroid hormone concentration of cows allowed to graze locoweed. CO 2 levels were slightly increased, with corresponding decreases in Cl, suggesting some minor changes in acid : base balance.
Serum thyroid levels, especially T3, were negatively correlated with the estimated swainsonine dose (Table  1) . Mean T3 concentrations significantly dropped from 74 to 41 ng/dl. T4 decreases were smaller, falling from 3.7 to 2.2 mcg/dl.
Urinalysis (Table 2 ) and urine and serum electrophoresis ( Fig. 2 ) revealed marked proteinuria (several animals had urine protein concentrations >3,000 mg/ dl). The urine was isothenuric (mean specific gravity = 1.011), and a small number of hyaline and granular casts were present in the sediment. Electrophoresis indicated that the majority of urine protein migrated in the albumin range with light bands in the beta and gamma ranges. The remaining analytes of renal profile (blood urea nitrogen [BUN], creatinine, phosphorus) had minor changes; however, they were within normal limits for cattle (Table 1) .
The gross findings included minimal yellow discoloration of the brain and spinal cord, the thyroid gland was slightly enlarged, and all the lymph nodes were enlarged and edematous. Histologically, the cells of many tissues were vacuolated. The most prominent lesions included extensive vesiculation of the renal tu- bular epithelium, the thyroid follicular epithelium, heommended that cattle be kept on "locoweed-free" paspatocytes, pancreatic acinar cells, various cells of the tures throughout these early months, allowing them to monocyte macrophage system, and various neurons graze locoweed-infested areas only later in the sum-( Figs. 3-6 ). mer. 23 
, 24
Discussion In April and May, the locoweeds in this study were green and actively growing, whereas other grasses and forage were still dormant. As reported in other studies, such conditions often lead livestock to consume locoweed and become intoxicated. 12, 13 Later in the year, the green grass became more abundant, and locoweed consumption declined. As a result, it has been rec- Historically, genetic -mannosidosis has been identified by analyzing urine for oligosaccharides or assaying peripheral blood for leukocyte -mannosidase activities. 16, 22 Because these specimens are often difficult to obtain, and several genetically distinct lysosomal -mannosidases exist, recent efforts have been directed toward the development of a reliable serum or plasma enzymatic assay. By closely controlling the reaction pH, such an assay has been developed to detect human mannosidosis. 22 Because locoism is actually chemically induced -mannosidosis, we modified this technique to work on bovine specimens.
The serum -mannosidase levels, measured in cattle grazing locoweed, were significantly decreased compared with those of controls, and the estimated swainsonine dose was significantly correlated with the serum -mannosidase activity (r = -0.6) (Table 1) . This -mannosidase activity was decreased and finally extinguished when the samples were incubated with increasing concentrations of swainsonine (Fig. l) , which suggests that serum -mannosidase activity is a sensitive indicator of swainsonine intoxication or locoweed ingestion. Because genetic bovine -mannosidosis is characterized by alteration in the same enzymes, this assay is also likely to be an excellent assay to screen for that disease. 21 One of the consistent changes found in the serum biochemical values of intoxicated cows was hypoproteinemia characterized by a hypoalbuminemia (Table  1) . The urinalysis and urine protein electrophoresis suggest that the hypoalbuminemia is not due to decreased hepatic production but to urinary loss. Urinary electrophoresis (Fig. 2) shows that urine protein is primarily albumin, with broad bands in the late beta and gamma regions. Urinary albumin loss with smaller zone), and transferrin (beta-1 region) is classically observed with a glomerular proteinuria. Tubular proteinuria generally results in a faint albumin band, 2 bands in the alpha-2 region due to -microglobulin, a strong mid-beta band (ß 2 -microglobulin), and light diffuse gamma staining due to free light chains. 14 The pattern seen in urine from cattle eating locoweed is most consistent with a glomerular proteinuria; however, it may result from both glomerular and tubular dysfunction. This hypothesis is supported by the extensive histologic cellular disruption and vacuolation of the renal tubular epithelium, suggesting functional damage (Fig. 3) . In contrast to reports of other species, 1,26 globulin concentrations did not seem to be affected by locoweed intoxication in these cattle. In fact, the mean globulin concentration rose to 4.2 on day 82.
Renal changes appear to be early lesions of locoweed intoxication. In the original descriptions of locoism, vesiculation of the renal tubule epithelium was seen at 4 days, the earliest time at which animals were examined 28 Several days later, lesions developed in the liver, brain, thyroid, pancreas, and monocyte/macrophage system. These findings suggest that monitoring urinary proteins or other indicators of tubular or glomerular damage such as urinary GGT may also be excellent methods for monitoring locoweed intoxication.
Histologically, hepatocytes throughout the liver were vacuolated and swollen (Fig. 5 ). The Kupffer cells were also enlarged and vacuolated. Evidence of these changes were also seen biochemically; there were significant increases in serum AST and LDH. None or sporadic changes were seen in SDH, ALT, and GGT. AST and LDH in cattle serum are not considered liver specific because these enzymes are found in many different cell populations. 2 Changes in AST and LDH in the absence of significant changes in ALT, SDH, ALP, or GGT (several of which are considered liver specific in cattle) suggest that most of the reported increase of serum AST was from cells other than hepatocytes. Skeletal and cardiac muscle are also rich in AST and LDH; however, no corresponding changes in CPK were present and there were no significant histologic lesions in skeletal or cardiac muscle. Because extensive histologic vesiculation was present in macrophages and reticular cells throughout the lymphoid tissues and there was extensive parenchymal vesiculation of the glandular tissues, the AST may have originated from those cells.
The thyroid follicular epithelium ( Fig. 4 ) was severely vacuolated, and its dysfunction is apparent in the significant and consistent decreases seen in serum thyroid hormone concentrations. This early change has also been reported to develop within 12 days of poisoning animals with locoweed. 28 Because many of the clinical signs of locoism are similar to those of hypothyroidism (emaciation, decreased feed efficiency, and poor, rough hair coat), thyroid dysfunction may be partially responsible for their development.
Most hormones, including thyroid hormones, are glycoproteins, and their synthesis and transport are dependent on glycoprotein synthesis and catabolism. Besides inhibiting lysosomal -mannosidase, swainsonine also inhibits mannosidase II, a key enzyme in high-mannose-type glycoprotein synthesis. The probable result of this inhibition is that thyroglobulin glycosylation, secretion, and function are impaired. 6 Serum -mannosidase is an excellent marker of locoweed intoxication, and its inhibition strongly correlates with swainsonine dose. Other serum chemical and biochemical changes, such as increases in serum AST, LDH, and ALP, decreases in albumin and thyroid hormones, and severe proteinuria, are nonspecific but supportive of locoweed intoxication. In the future, these techniques will be useful in documenting exposure to locoweeds and monitoring subclinical intoxication. Correlations of the level of intoxication with production, including feed efficiency, weight gains, susceptibility to other diseases, and reproductive ability, could be used to better estimate the economic impact of locoweed intoxication and develop appropriate management techniques to reduce animal losses. 
